ABSTRACT This brief review considers the question of why some animals can regenerate and others cannot and elaborates the opposing views that have been expressed in the past on this topic, namely that regeneration is adaptive and has been gained or that it is a fundamental property of all organisms and has been lost. There is little empirical evidence to support either view, but some of the best comes from recent phylogenetic analyses of regenerative ability in Planarians which reveals that this property has been lost and gained several times in this group. In addition, a nonregenerating species has been induced to regenerate by altering only one signaling pathway. Extrapolating this to mammals it may be the case that there is more regenerative ability in mammals than has typically been thought to exist and that inducing regeneration in humans may not be as impossible as it may seem. The regenerative abilities of mammals is described and it turns out that there are several examples of classical epimorphic regeneration involving a blastema as exemplified by the regenerating Urodele limb that can be seen in mammals. Even the heart can regenerate in mammals which has long been considered to be a property unique to Urodeles and fish and several recent examples of regeneration have come from recent studies of the spiny mouse, Acomys, which are discussed here. It is suggested that a much more thorough phylogenetic analysis of mammalian regeneration would likely reveal some important insights into the evolution of regeneration.
One of the most enduring questions in the regeneration field must surely be: why can some organisms regenerate and others cannot? This question has been debated for more than 100 years and although there is little empirical evidence to support one view or the other this does not detract from the fascination with the question as well as its importance for regenerative medicine.
One view is that regeneration is a fundamental property of all organisms and it has been lost during evolution in many species as a result of selection against because it may have been detrimental or simply neutral with regard to survival and so it would have been eliminated. This is the popular contemporary view (Bely & Nyberg, 2010) and stretches back to the views of Morgan (1901 , as discussed in Goss, 1991 , 1992 . Bely & Nyberg have concluded that the metazoan ancestor, the bilaterian ancestor, the deuterostome ancestor and the lophotrochozoan ancestor were all capable of extensive regeneration. It has been lost in the ecdysozoa and in the chordates is present in some urochordates and amphibians but has been lost in birds and mammals. If this is indeed the case, then examples of regeneration should all resemble each other and to a great degree, at least in vertebrates, they do. Regeneration of complex tissues such as limbs and tails proceeds by rapid epi-dermal wound healing, dedifferentiation of mesodermal cells and release of stem cells to generate a blastema, proliferation of the blastema, induction of signaling pathways to pattern the blastema and redifferentiation of tissues in a proximal to distal sequence. There is also a neurotrophic requirement which is considered to be the provision of a proliferation-inducing neurotrophic molecule from the nerves or Schwann cells (Farkas et al., 2016) . But what about organs that do not produce a blastema during regeneration, for example the skin which regenerates after epithelial wound closure over a scab (if present) but the dermal fibroblasts do not seem to accumulate together to form a blastema even though they proliferate extensively during skin regeneration?. Likewise the replacement of cardiomyocytes in the heart requires a stimulus from the epicardium but there is no blastema-like structure and again with lens regeneration where only one cell type is involved and here the process only involves dedifferentiation, proliferation and redifferentiation. So a blastema may not be an absolute requirement for epimorphic regeneration as long as proliferation can occur in an orderly fashion. Nevertheless, this view of regeneration is a very positive one from the point of view of the ultimate aim of inducing regeneration in humans because if all regenerative processes are fundamentally the same then studies on the axolotl are highly relevant to inducing the property in humans. It also means that in non-regenerating organisms such as humans the ability to regenerate has likely been blocked and to permit regeneration we 'only' have to find out how to unblock the process rather than re-invent the wheel.
The alternative view, that evolution has selected for each example of regeneration independently and that it arose separately as an adaptation to environmental pressures has also been a popular view over time. This adaptive property of regeneration means that in animals that frequently lose parts such as appendages the ability to regenerate them is a selective advantage and this concept is frequently discussed in terms of the more a structure is liable to be injured in nature the more likely it is to be able to regenerate. This certainly applies to the lizard tail which is apparently frequently lost in nature -as frequently as 85% in some estimates (Vitt & Cooper, 1986 ) and many marine invertebrates in which a large proportion of the population (97%) may be regenerating at any one time (Clark et al., 2007) . T.H. Morgan was not an advocate of this view and set out to test this in hermit crabs which only expose the first two pairs of legs while the remaining three pairs are protected inside the shell (discussed in Goss, 1992 ). Yet the third, fourth and fifth leg can regenerate as well as the first two. Similarly, now we know that internal organs of lower vertebrates can regenerate such as the heart, the lens or the forebrain this begs the question: how many times had the heart been damaged in order for regeneration to be adaptive in this circumstance or the lens and so on? This adaptive hypothesis has very different implications from the innate hypothesis above for the practicalities of inducing regeneration in humans because if each system has evolved separately then they are unique in their mechanisms and learning about axolotl limb regeneration may have no relevance to anything else or learning how to induce regeneration in mice as a model system may have no relevance to inducing it in humans. Some of the most relevant studies in relation to these two arguments have been conducted on Planarians. The regenerative abilities of Planarians are legendary and were the subject of T.H. Morgan's studies on regeneration. However, regenerative ability is not universal amongst Planarians as many species are incapable of regenerating and a phylogenetic analysis of 60 regenerating and non-regenerating species by J. Rink (pers.comm.) has revealed this patchy distribution. There are clear examples where some branches of the tree can no longer regenerate and the ability must have been lost and there are also examples of where subsequent branches of the tree can regenerate and the ability must have been regained. This analyses of large numbers of closely related species reveals that it may not be so hard to gain or lose regenerative ability as we might imagine as this has happened several times in Planarians. Indeed the molecular basis of this property has been determined for one species which cannot regenerate its head, Dendrocoelum lacteum (Liu et al., 2013) . After amputation of the head the initial phases of regeneration, wound healing and establishment of a blastema occurred normally but what goes wrong is the subsequent lack of expression of head fate specification genes and the continued expression of tail specification genes. Since the inhibition of Wnt/b-catenin is required for head specification in other regenerating Planarians the inhibition of b-catenin signaling was all that was required to turn this non-regenerating species into a regenerating one. A remarkably simple requirement for one gene on the Wnt pathway in amongst all the thousands of genes required for regeneration. This experiment shows that it may not be so hard to gain regenerative ability as we might imagine and gives great impetus to the search for ways of inducing regeneration in mammals. It also suggests that the most likely scenario for the evolution of regeneration -innate or adaptive -is the former.
This type of phylogenetic analysis really needs to be done in mammals to see if these same characteristics apply. The common view is that mammals (and birds) do not regenerate, but that depends on what you mean by regeneration. At the molecular or cellular level, regeneration is ubiquitous to multicellular organisms-molecular turnover of membranes and proteins, turnover of cell types such as blood cells, continual replacement of the surface epithelium or the gut lining, slow turnover of resident stem cell populations, and universal ability of epithelia to heal over wounds. This is physiological regeneration. At first sight what seems to have been lost is the ability to regrow organs or complex tissues. But is this true or have regenerative abilities never been tested in mammals because it is assumed that they do not?
There are already some striking examples of anatomically complex tissues that can regenerate in mammals. The annual replacement of deer antlers is surely one of the most conspicuous examples and antler regeneration shows many features typical of regeneration in lower vertebrates (Goss, 1983) . After shedding the antler the wound is healed by migration of adjacent skin over the pedicle which does not form a scar but instead is an active and inductive tissue. Dermal cells and periosteal cells intermingle in the healing area which will grow into the new antler bud and there are extensive down-pushings of the epithelium at the tip into the mesoderm of the bud reminiscent of the apical cap of the limb blastema. If the wound skin is damaged it can give rise to a small ectopic antler and if normal full-thickness skin is grafted over the pedicle stump then antler regeneration is inhibited. The pedicle can be transplanted to other regions of the body where it will form an ectopic antler. New antler growth is derived from fibroblast-like cells derived from the periosteum of the pedicle (maybe also from the dermis of the healing skin) and the cells at the tip resemble blastemal cells in their undifferentiated nature and high proliferation rate. The rapidly growing antler is covered in velvet, (regenerated non-scarring skin) which contains glands and hairs (minus erector pili muscles) that are formed de novo at the tip of the growing antler. Therefore this skin is a highly regenerative tissue. Thus antlers show many of the features of lower vertebrate regeneration and could be an amazing system for studying mammalian regeneration were it not for their obvious drawbacks as a model organism.
The generation of a blastema is the hallmark of complex tissue regeneration but this is not the only regenerating mammalian system with a blastema because the digit tips of mice (Borgens, 1982; Neufeld & Zhou 1995; Muneoka et al., 2008) , rats (Said et al., 2004) , monkeys (Singer et al., 1987) and humans (Illingworth, 1974; Rinkevich et al., 2015) can regenerate by a process which seems remarkably similar to that of the antler. After re-epithelialization, a blastema is formed consisting mostly of osteoblasts formed by bone breakdown which then proliferates and redifferentiates into new bone. The blastemal cells are lineage restricted rather than dedifferentiating to a multipotent/totipotent cell type (Lehoczky et al., 2011; Rinkevitch et al., 2011) and proliferate under the influence of Wnt signaling from the nail bed (Takeo et al., 2013) and factors secreted by nerve-associated Schwann cells (Johnston et al., 2016) . Thus the presence of a blastema in antler and digit regeneration as well as the regenerating limb of Urodeles suggests that similar processes may be going on both in mammals and axolotls.
We have recently described another blastema that appears in mammals, during regeneration of ear punches of spiny mice, Acomys (Fig. 1 A,B) . A complex arrays of tissues is regenerated from this blastema -cartilage, skeletal muscle, dermis, hairs and sebaceous glands (Seifert et al., 2012) . This phenomenon was first observed in rabbits (Voronstova & Liosner, 1960; Joseph & Dyson 1966; Goss & Grimes, 1972) and subsequently has been observed in all species of Acomys examined (Gawriluk et al., 2016) , athymic nude mice (Gawronska-Kozak, 2004) in small holes of the MRL mouse ear (Clarke et al., 1998) and in chinchillas, cows, pigs (Williams-Boyce & Daniel, 1986) , pikas and bats (Goss, 1987) . Even more remarkably like the amphibian limb blastema this ear blastema shows neurotrophic dependence because if the auricular nerve is cut then the ear punch does not regenerate (Buckley et al., 2011) . This phenomenon can also be seen during normal regeneration of the ear punch in Acomys. After the damage the proximal half of the circle (closest to the head) regenerates quite fast and the distal half of the circle (farthest from the head) hardly regenerates at all (Fig. 1C) and the hole finally closes in a very distal position. Sectioning these segments of the regenerating ear and staining for nerve fibres reveals that the proximal blastema which does all of the regenerating is riddled with nerve fibres (Fig. 1E) whereas they are completely absent in the distal blastema which hardly grows at all (Fig. 1D) (Gawriluk et al., 2016) .
If the skin regrows perfectly over the ear punches in these animals then the body skin ought to regenerate as well. This has been reported in rabbits (Billingham & Russell, 1956 ) without a histological study, but has been well documented in Acomys species (Seifert et al., 2012; Brant et al., 2015; 2016) . Following various sizes of full thickness wounds as well as full thickness burns in Acomys the wound epithelium covers the wound twice as fast as the rate of Mus wounds and within two weeks new hair follicles can be seen developing across the wound which are undergoing Wnt7a signaling. These newly regenerated hair follicles deepen into the new dermis of the wound bed and produce sebaceous glands and erector pili muscles so they are fully functional. There is a much reduced inflammatory reaction in Acomys compared to Mus with far fewer cytokines and lower levels of cytokines induced, MMPs are higher in Acomys and the matrix of the wound bed is softer, expressing lower levels of collagens. Eventually even the skeletal muscle of the panniculus carnosus regenerates which is a striking behavior because the act of removing the skin creates a hole in the muscle layer which is equivalent to a volumetric muscle loss injury which does not regenerate in other mammalian laboratory organisms or humans.
Even more impressively for a mammal, heart regeneration is not just restricted to Urodeles and zebrafish but also occurs in newborn mice after either a myocardial infarction induced by ligating the coronary artery or after apex resection as in Urodeles and zebrafish (Porello et al., 2011 (Porello et al., , 2013 . In mice this ability is lost at P7, but in Acomys cardiac regenerative ability is retained into adulthood. Following a myocardial infarction induced by coronary artery ligation adult Acomys show an amazing regenerative recovery. After two weeks there is a massively reduced region of scarring, the ventricular wall does not thin and the ejection fraction is completely normal. In contrast the Mus heart has a huge region of fibrosis, the ventricle wall thins excessively and there is a 71% reduction in ejection fraction (Qui et al., in preparation) .
The mammalian liver also regenerates after partial hepatectomy and although this is referred to as compensatory hypertrophy because the removed parts of the liver are not regenerated instead the remaining parts expand to compensate, this is still a complex process involving the coordinated upregulation of cytokine, growth factor, and metabolic networks resembling true regeneration (Fausto et al., 2006) . Similarly, the lung can undergo compensatory hypertrophy after removal of one or more of the lobes in exactly the same manner as the liver -the remaining tissue increases in alveolar number to compensate for the loss (Matsumoto et al., 2009) . Interestingly this process is not a hallmark of incomplete or inefficient epimorphic regeneration as might be imagined and only seen in a supposed non-regenerating system like a mammal because the axolotl also regenerates its lung by compensatory There are also some other very surprising examples of mammalian organ regeneration. The mouse pancreas can regenerate after surgical removal of 60-90% of the tissue (Stocum, 2006) . Skeletal muscle regenerates after a variety of injuries such as myotoxin administration or freezing, but not if complete pieces of muscle are removed, presumably because muscle regeneration requires a connective tissue framework to promote and guide regeneration, but as mentioned above Acomys can regenerate muscle after such tissue removal injuries.
It is clear therefore that there are a surprisingly large number of tissues and organs that can regenerate in mammals ranging from the heart to the skin and that is based upon a very small sample (maybe 25 species) of the 5400 species of mammals which are present on earth. What really needs to be done in mammals is a thorough phylogenetic analysis as has been done in Planarians as discussed above. It would not be surprising if many more mammals were discovered with regenerative powers and that even in mammals regenerative abilities may have been been lost and regained several times as in Planarians. If so then this is a very positive outlook for discovering how to induce regeneration in non-regenerating mammals and ultimately humans.
